System thinking skills are a prerequisite for acting successfully and responsibly in a complex world. However, traditional education largely fails to enhance system thinking skills whereas learnercentered educational methods seem more promising. Several such educational methods are compared with respect to their suitability for improving system thinking. It is proposed that integrated learning environments consisting of system dynamics models and additional didactical material have positive learning effects.This is exemplified by the illustration and validation of two learning sequences.
Introduction
A primary task of educational systems is to prepare students for their future life. This includes the ability to act competently in complex situations, which is increasingly important in a complex world. To do so, competence in system thinking, as well as usable knowledge is helpful.
In traditional education, teachers hand objective facts to their students that are usually fragmented into academic disciplines instead of linked to other subjects and thus integrated into a larger, meaningful context. Furthermore, the relevance to the solution of specific problems is seldom explained and aspects of transfer to similar classes of problems are usually omitted. It comes as no surprise that most facts taught and learned are quickly forgotten [1] . Even if they are remembered, they can only seldom be used to solve real problems [2] . Such knowledge remains isolated and inert [3, 4] . Educated this way, one generally fails to succeed in complex situations.
People usually reach their goals in simple systems using linear thinking, where one effect is caused only by a single factor. However, simple strategies are likely to fail in more complex systems, which are highly interconnected and dynamic, resulting in feedback loops, oscillations and side effects. Their behavior is often difficult to anticipate, SIMULATION, Vol. 82, Issue 11, November 2006 795-806 © 2007 The Society for Modeling and Simulation International DOI: 10.1177/0037549706075250 because it is counterintuitive, nonlinear and irreversible [5, 6] .
To improve the quality of decisions in complex environments it is important to comprehend the reasons for failure. The theoretical construct of mental models helps here. Mental models contain an individual's specific knowledge, including the structure and dynamic behavior of a domain. They are the foundation of mental simulations enabling people to come to conclusions, to deduct new ideas and anticipate future conditions; in general, to understand the world. According to Norman [7] , mental models are incomplete, stable and unscientific.
Learning can now be defined as the change of a mental model based on theoretical reflection or former experience. Such learning can be especially enhanced when decisions based on strategies derived from mental models do not lead to desired results. Put differently, if a mental model proves ineffective, it seems reasonable to adapt it. However, Norman's description of mental models and empirical observation (e.g., the pork cycle) make this assumption seem overly optimistic.
In the following section it is shown how these problems can be addressed by creating adequate learning environments and different educational methods are compared with respect to their ability to improve students' system thinking skills. In this regard, system dynamics seems promising as a central element of learning environments, which is explained in the following section. The next sections exemplify the educational applicability of system dynamics with two learning environments, which address famous examples of misbehavior in complex systems: the bullwhip effect and the pork cycle. Afterwards, empirical data are presented concerning the effectiveness of systemdynamic-based learning environments in improving behavior in complex systems. Finally, an agenda for further research is suggested.
Educational Methods to Enhance Learning in Complex Environments
Nowadays, constructivist, learner-centered, action-and problem-orientated methods of education are widely thought to be superior to teacher-centered methods [8, 9] . It seems obvious that mental models cannot be "handed" by a teacher to his students, but that students have to integrate new ideas into their existing understanding of a problem; that is, they have to actively reconstruct their own individual mental models. This changes the teacher's tasksat least partly-from passing on objective information to creating learning environments.
The concept of learning environment describes relevant outer conditions of learning and includes learning material, tasks and all action requirements applying to a specific topic. Good learning environments should meet some of the following criteria. All learning activities should be integrated into a larger setting or a global task with sufficient complexity. Tasks should be authentic, realistic and refer to relevant contexts that enable students to identify with the task. Furthermore, students should be encouraged to think and to come to solutions independently and be given opportunities to reflect on past and future learning content and processes. However, it is important to pay attention to an adequate ratio of independent exploration and guided learning. Finally, good learning environments are longer sequences using complex methods [10] .
When creating learning environments to enhance system thinking skills, adequate educational methods should be used. However, a well-reflected choice of methods requires a clearer understanding of the somewhat fuzzy term "system thinking". According to Richmond [11] and Ossimitz [12] , "system thinking" contains four dimensions, as follows.
1. Thinking in models that includes the ability to construct models and transfer the gained knowledge to real situations. For the latter, an awareness of a model's premises is necessary.
2. Dynamic thinking that enables anticipation of future behavior of systems with delays, oscillations and feedback loops.
3. Integrated thinking, meaning that complex linkages are considered as opposed to mere linear thinking, where one cause is thought to have only one effect.
4.
Acting successfully in complex situations by choosing the right decision, well considered. Figure 1 illustrates how learner-centered methods (which all generally have realistic and complex learning content and allow learners a high degree of independent thinking and self-regulated action) differ with regard to the dimensions of dynamic thinking and learners' degrees of freedom. The latter was added to the four dimensions of system thinking, because its consideration allows didactic fine tuning with respect to available time and students' skills in self-organization and prior knowledge. Open settings generally are more time-consuming and call for higher self-regulation and self-organization. Furthermore, open settings, such as active quantitative and qualitative modeling, require familiarity with the corresponding modeling tools.
With case studies, students are given numerous and complex data concerning a specific domain and asked to analyze it and come to a solution. These are well suited to train analyzing, communication and decision skills. Role playing makes students play a specific role, which fosters empathy and tolerance to ambiguity as well as communicative and decision skills. Causal loop diagrams are an easy-to-use representational method to visualize the interconnectedness and possible feedback loops of complex systems. Students can analyze given causal loop diagrams or create them themselves. When learning with black box simulations, the underlying model's structure and premises remain unknown to the students, as opposed to glass box simulations. Expressive modeling calls for one's own creation of executable models.
These educational methods are suited differently with respect to the above-described dimensions of system thinking, which is illustrated by the numbers to the top-left of every method in Figure 1 . Each number mentioned indicates a method's strength with respect to the dimension, whereas the symbol "+" is used for higher differentiation.
Although system thinking skills can be enhanced with all the methods mentioned, glass box simulation and active modeling appear to be especially suited, because they have the potential to address all dimensions of system thinking effectively. Of the four major modeling approaches-system dynamics, equation-based, propertybased and emergence-based modeling-system dynamics, which allows the creation of interactive simulations, seems most appropriate to enhance system thinking skills: it does not require much mathematical effort and is very illustrative as a result of its notation. An adequate graphical representation of complex systems is beneficial to their understanding [13] .
Creating Learning Environments Using System Dynamics
As has been shown, when dealing with complex problems with an interconnected and/or dynamic quality, system dynamics is an advisable learner-centered method. In this section, the relevance of adequate software is discussed, different methodical approaches are explained and the necessity of didactic material accompanying the models is pointed out.
The system dynamic notation is very easy to learn; it relies essentially only on symbols for stocks, flows and information links, yet it is sufficient to model a wide variety of complex and dynamic systems [14, 15] .
When creating learning environments using system dynamics, two basic approaches are available: expressive and explorative modeling [16] .
Expressive modeling means that students build the model themselves from scratch. Starting with a problem or a case description, relevant elements and their relations are first to be identified, then modeled. To be able to do this, further research by students is usually necessary. Facts are not taught by the teacher merely because they are mentioned in a curriculum; instead students investigate topics to build simulation models and eventually come to understand a complex problem thoroughly. These facts are thus anchored in a meaningful context and are not simply learned for a test and soon forgotten. Once a model's first version is finished, simulation runs are carried out and the results are compared to expected results. Usually several modifications are necessary until the model seems valid. Having created a valid model, the system behavior to specific variations of parameters can be explored. Such gained knowledge may then be transferred to the real system, but with consideration of the model's premises and restrictions.
Using an explorative approach to explore a complex topic, students are given a simulation-ready model. In addition, students are asked to perform exploring tasks, such as analyzing the model structure and the system behavior to parameter variations.
Hillen [17] discovered in an extensive empirical study that expressive modeling generally leads to better learning results and is good for the cooperation and interest of students. The explorative approach, however, is of advantage in deepening existing knowledge structures. In addition, model exploration takes less time and requires fewer modeling skills. However, these two approaches are not mutually exclusive but can be combined, so that learning environments can be created that fit very well with student competence and available time. For example, they can be given a suboptimal model. By exploring this, students discover further necessities for model improvement, which can be done by expressive modeling.
Regardless of the chosen modeling approach, when simulating a model it is essential to reflect on the results. Ideally, a mental simulation precedes a computer simulation, the results of which are to be anticipated. Then the actual results are compared with the expected results and significant differences must be examined. Differences can be explained by false mental or computer models. The examination process of unexpected simulation results contains significant opportunities for learning, because it eventually requires an intensive reflection and adaptation of the learner's mental model. This method of working with simulations is highly advisable, because psychological research shows that animated pictures and simulations can also deter learning. This is likely when computer simulations replace mental simulations: students run simulations without thinking, a kind of video-game syndrome [6, 18] .
Of course, a prerequisite to simulating a system dynamic model is its implementation in a software application, such as Powersim, Stella, Modus, Dynasis or CoLab. These software applications facilitate modeling complex systems as well as understanding them, because they allow modeling not only mathematically but also graphically, which is very intuitive and illustrative. Such attributes make software applications very suitable for educational purposes. They can be effectively used as cognitive tools that relieve learners from routine activities (such as calculating numbers), thus enabling active and fundamental cognitive processes [19, 20] . The choice of adequate modeling software, however, is an important one. If it is not easy to use, software handling might take too much time and effort, leading to poor motivation and learning results [21] . The learning environments described in Section 4 were created with the commercial software Powersim, because it is easy to use and very powerful. For example, it allows the creation of a wide variety of graphs and user interfaces. Furthermore, it is possible to develop multi-user network applications, which is necessary for the beer-game example. Last but not least, free light versions of Powersim are available, which are sufficient for most educational purposes. Especially for science education, integrated software applications, such as CoLab, Modelling Space and WISE, may be the best choice, because their structure supports inquiry-based learning in a broader context, where expressive system dynamics modeling is one of several tools to explore specific phenomena [22] [23] [24] . However, if the didactic setting is not based on scientific experiments and if the students are to work with a combination of subsequent models or the combination of expressive and explorative modeling, "simple" modeling software in combination with didactic materials offers greater flexibility. Thus, successive coordinated tasks, clear instructions and methodical variations can be better implemented, which is important in educational fields such as social science or economics, where scientific experiments seldom form the content of learning processes.
As has already been mentioned briefly, effective learning environments cannot consist exclusively of models. The entire didactic setting needs material for introduction and theoretical background information to the problem. Clear instructions for modeling, analyzing and simulating (including tasks to anticipate simulation results) are especially important for students with poorer metacognitive abilities. Furthermore, it is important to exchange work results from time to time, so problems can be discussed and solved. The ending of an extended learning unit should contain a summary, possibilities of transferring the acquired insights to similar problems, and a reflection of the entire learning process. 
Example 1: The Bullwhip Effect in Supply Chains
A problem which confronts many companies that are links in supply chains is the bullwhip effect. This describes the phenomenon of rising oscillations of order quantities the farther away from the customer a company is located in the supply chain. Thus, in a four-level supply chain, consisting of, for example, retailers, wholesalers, distributors and manufacturers, the manufacturers are hit frequently with huge orders followed by periods of no demand at all, although customer demand has changed only marginally. The consequences for distributors and wholesalers are alternating periods of being out of stock and being overstocked, neither of which is desirable. The bullwhip effect is caused by long delays in information flow and product flows, missing or distorted information on current and future customer demand, long supply chains and suboptimal ordering decisions that fail to acknowledge the dynamic behavior of supply chains.
Forrester [14] developed the so-called "beer game" to make students and managers aware of the bullwhip effect and show them the need to consider delays in their decisions. It demonstrates well that locally rational behavior can after some time have globally negative consequences. The beer game has been played by thousands of learners, and computer-based beer games are also available.
Based on the general idea of the beer game, Arndt [25] developed an extensive learning environment using system dynamics and Powersim to address the problem of the bullwhip effect in supply chains. About four 90-minute units of classroom time are needed to apply the learning sequence adequately. 1 The slide shown in Figure 2 initiates the learning sequence. It contains all relevant topics of the first unit: a waiting customer who is annoyed about delivery times, slow information and material flows, overstocked inventory of retailer and hints to companies further up the supply chain. By discussing this slide, students are mentally prepared for the work to come. 1 . The entire didactic material is too extensive to be presented in this paper. Models, worksheets, theoretical background information and presentation slides are available for free download at http://arndtsowi.de/publikationen/scm/k4_planspiel_scm.zip. Following this, and guided by worksheets, the learners are asked to explore three corresponding models with increasing complexity, such as shown in Figure 3 . In addition to information and material flows, the retailers' cost structure is also modeled. The students have to analyze, criticize and improve the models, thus gaining good insight into their structure and premises.
The following educational unit expands the view to the entire supply chain, consisting of retailers, wholesalers, distributors and manufacturers. After a short introduction to the rules, the network game can be played. Groups of four students represent one supply chain, where each member plays one different company. The goal is to minimize individual as well as overall supply chain costs. Each period, a player only has to decide upon the order (or production) quantity. Optimal order quantities lead to low inventory holding costs and high delivery ability; to achieve these, incoming orders, backordered items, actual inventory and former orders to be delivered in the future need to be considered. Because information delays about orders are an important cause for the bullwhip effect, the supply chain members may only communicate via computer, as shown in Figure 4 . In addition to ordering, the students are asked to take notes on the reasons for each decision about order quantities. This enables an effective analyzing process following the game.
At the beginning of the game, the supply chain is in equilibrium with customer orders of 10 bikes per period. Shortly after, the customer orders rise to 20 bikes per period and do not change for the rest of the game. However, almost always the supply chain falls into imbalance after a few periods. This is caused by the supply chain's structure (especially information and delivery delays) and wrong ordering decisions not adequately reflecting upon this structure. For example, when people are out of stock and have many backordered items, they tend to order high quantities themselves, even if they have already ordered a great number in previous periods. When the ordered items are fi-Volume 82, Number 11 SIMULATION 801 Arndt Figure 7 . Management cockpit for strategy development nally delivered, it is much more than needed and inventory explodes. Figure 5 shows a typical run of the play.
The graph in Figure 5 exemplifies the bullwhip effect clearly: the further a company is located from the customer, the higher the order or production quantities become. The manufacturer, for example, has periods of production of 300 bikes (although customers buy only 20 bikes a week) following a long period of no production at all, because afterwards the supply chain partners' inventories are overstocked.
After playing the game and comparing the results, the students analyze the reasons for the problems and propose changes for improvement such as reduction of information and material delays, sharing information on customer orders with all supply chain members simultaneously, reduction of the supply chain's length and improvement of ordering strategies.
In the following part of the learning sequence, students are given models to test the results of different structure and ordering strategies. For example, the so-called "nostrategy" strategy is modeled, meaning that every member of the supply chain orders or produces exactly the quantity ordered by the customer. The students explore these models and their behavior, anticipate results and compare them to their own results. Figure 6 exemplifies how corresponding worksheets can be designed.
Having explored models with optimized supply chain structure and having analyzed the strengths and weaknesses of the "no-strategy" strategy, students are asked to develop a better strategy. To do so, they are supported by the management cockpit shown in Figure 7 .
At the end of the learning sequence, students summarize the learned content. Furthermore, they are asked to think of similar problems to which the acquired competences can be applied. Finally, the learners are to criticize the learning sequence constructively, which enhances reflexive and metacognitive skills.
Example 2: Market and Price
One of the most fundamental economic models is that of supply, demand, and market equilibrium. In short, it states that in markets with free prices there will be equilibrium between supply and demand. When there is lower supply than demand, the market price will rise, and vice versa. This mechanism is generally illustrated as seen in Figure 8 , where supply and demand lines represent aggregated values.
However, many markets fail to reach a stable equilibrium, which is well demonstrated with the historical pork cycle (see Figure 9 ).
The phenomenon of periodic oscillations of pork prices results from agriculturalists' strategies that make them breed more pigs when prices are high as a result of a momentary shortage of pigs, and vice versa. Because most breeders follow this strategy, a period of oversupply and falling prices is bound to come when the newly bred pigs reach slaughtering age. Low prices, however, lead to low breeding and cause a later shortage, etc. Similar cycles can be observed even today in many fields with significant time delays in such different areas as demand for and supply of raw materials, office space, teachers and engineers. The static model of supply and demand fails to explain why many markets do not reach equilibrium, because it ignores the dynamic quality of the market system and neglects time delays in particular. Figure 10 shows a system dynamics model that is mindful of these aspects and is much better suited to explain market behavior.
Depending on the available time, the students'modeling skills and prior economic knowledge, several educational realizations are possible. If time is no problem or students are experienced in modeling, the expressive approach is advisable, where students themselves build the complex market model, perhaps aided by their teacher. The explo- rative approach is suitable when students are familiar with the traditional market explanation and are to be familiarized with its dynamic extension. In this case, they can be given the model shown in Figure 10 and asked to explore its behavior by running simulations with different parameter combinations. However, a combination of both approaches makes sense, when students are familiar neither with modeling nor with the market model. Then they should explore several models, starting with a simple model and working their way step-by-step towards the final model. Of course, the exploring process is to be accompanied by exploring tasks in combination with suitable economic content.
More detailed economic and pedagogic explanations of this educational sequence are found in Arndt [27] . All models and worksheets are available for free downloading at http://arndt-sowi.de/publikationen/modelle%20markt% 20und%20preis.zip.
Validation
Both learning environments were evaluated in an empirical study to test their ability of improving educational processes, as described briefly in this section. A more detailed account will be available in Arndt [28] . Research variables in focus were student motivation, self-efficacy, activity, self-regulation and social learning. Furthermore, the knowledge gained has been evaluated as well as the ability to use it in different contexts. Additional measurements concerned improvements in system thinking with subcategories such as considering dynamics, side effects and interconnections of variables. Also, the teachers were asked about their motivation, their preferred modeling method (explorative versus expressive modeling), the relationship of free and guided learning, and the time consumption of the learning environments. The corresponding data were gathered using a combination of tools such as interviews, questionnaires and tests. The latter verbally described complex systems including time delays. Students were asked to describe and anticipate system behavior, and to choose from a set of given strategies to reach a given goal. In addition, the student answers to the worksheets and the group presentations were evaluated.
The four teachers participating in the project received the same two-day introduction to system dynamics, to its applicability for educational tasks, the software Powersim and available learning environments.
The "market-and-price" unit was evaluated in two classes with students aged 16-18. In one class (n = 21) the teacher used the explorative approach and worked with four consecutive models and three guiding worksheets, which took three 45-minute units. The students were motivated, enjoyed the sequence and understood the topic, including its dynamic quality, well. However, only six students were able to transfer what they learned to different situations. Overall system dynamic skill did not improve significantly. In the second class (n = 28) the modeling was done expressively. The teacher had some trouble guiding the learning process efficiently. All in all, the sequence took seven 45-minute units without the students gaining noticeable advantages in any field compared to the other group. On the contrary, they felt less motivated and self-efficacy was lower. The students were new to system dynamics and felt overstrained. Most would have wished for clearer guidelines when modeling and for more exchange on provisional results. The teacher underestimated the time necessary in class and out of class for preparation of the work material.
The learning sequence concerning bullwhip effects in supply chains was evaluated in two classes (n1 = 22, n2 = 26) with students in the same age group as above. Both teachers used the models, detailed worksheets, theoretical background information and method of teaching as described above. Including an introduction to system dynamics and Powersim, the learning sequence took five 90-minute units in one class and six in the other. Most students described the learning sequence as motivating, activating and challenging. This applies especially to the network game and the following sequences. The learning process was primarily guided by clear worksheet instructions, which enabled a student-centered learning process. Cooperation among students was strong, whereas the teachers only needed to give general instructions and help individual students, whenever necessary. Four students, all in the same class, showed little motivation and learning progress. They said they did not like the general approach. Three of them had done poorly in the pretest which tested system thinking skills. However, students in the other class with poor pretest values enjoyed the learning method and made intellectual progress. This might have been caused by different teacher behavior or might merely have been coincidence. Otherwise, the students made good or very good progress not only in the topic itself, but also in general system thinking. Both teachers were satisfied with the sequence, its learning effects and the comparatively short time needed for preparation. They were interested in using the sequence again, and expressed a desire for additional learning sequences using system dynamics.
Conclusion
The learning sequence described in the first example was more successful, especially with regard to developing system thinking skills. This may be explained by its longer duration, the specific combination of expressive and explorative approaches and the exactly defined didactic setting, consisting of models, worksheets, additional information and clear guidelines for students and teachers. It would be interesting to validate these assumptions in further research. In addition, the differences within the two classes using the same learning sequences should be explored in greater detail to discover potentially relevant aspects of teacher behavior.
More general questions concern the wider implementation of system dynamics in education. Although quantitative studies (e.g., Arndt [28] , Hillen [17] and Ossimitz [29] ) indicate the method's suitability for enhancing system thinking skills, which is generally accepted as an important educational goal, system dynamics is still hardly used by teachers. A number of reasons come to mind. A major obstacle might be teachers' lack of system dynamics skills. This could be altered by adding this topic to teachertraining curricula and by devising teacher-oriented system dynamics training. In addition, many more system dynamics based learning environments-not just models-need to be created and published. It would be neither timeefficient nor realistic to expect teachers to construct such environments themselves. Finally, the effectiveness of system dynamics in education ought to be examined quantitatively in more detail, especially in comparison to different educational methods. In this context, the typology proposed in Figure 1 could be checked. If research shows the superiority of system dynamics, if more high-quality learning sequences become available, and if more teachers get to know the method during or after their professional education, then the spreading of system dynamics in education might be more dynamic in the future.
